During the development of an embryo, the initiation of the collinear expression of Hox genes is essential for the proper formation of the anteroposterior body axis. Retinoic acid (RA), a natural derivative of vitamin A, plays a role in vertebrate development by regulating Hox gene expression. CCCTC-binding factor (CTCF), an insulator protein that controls gene transcription, also regulates the expression of Hox genes by binding to the CTCF-binding sites (CBSs). It has been reported that upon RA signaling, retinoic acid response elements (RAREs) located in the Hox clusters become occupied. Interestingly, RAREs exist in close proximity with CBSs, and therefore when RA is bound, CTCF cannot bind. Without CTCF and its insulator activities, the repressive domain in the chromatin becomes open for gene transcription. Here, we examine the relationship between RA and CTCF during the RA-induced expression of the Hoxa cluster genes, using F9 murine embryonic teratocarcinoma cells as a model system. We treated F9 cells with RA for different time, confirmed the collinear expression of Hoxa genes, and validated CTCF-binding in F9 cells as well as in CTCFoverexpressing F9 cells, in the presence of RA. The present study suggests that RA and CTCF pose antagonistic effects on each other during vertebrate development to attain Hox gene collinearity.
Introduction
Hox genes are a group of highly conserved genes that determine the body patterning along the anteroposterior axis during the early stages of embryogenesis. There are 39 Hox genes in vertebrates, organized into four different clusters: Hoxa, Hoxb, Hoxc, and Hoxd [1, 2] . Hox genes are known to display collinearity, a phenomenon in which the chromosomal location of the genes corresponds to the expression patterns along the anteroposterior axis [3] [4] [5] .
There have been a number of studies on the upstream regulators of Hox genes and their functions, one of them being retinoic acid (RA). RA, the precursor of vitamin A, is a critical factor in the development of vertebrates, as it controls the anteroposterior body axis formation, cell differentiation, somitogenesis, neurogenesis, and organogenesis during embryonic development [6] [7] [8] [9] . Furthermore, RA initiates the expression of Hox genes in a collinear manner by binding to the retinoic acid response elements (RAREs) located in Hox clusters [10] [11] [12] [13] [14] . Nevertheless, a clear-cut mechanism to this sequential activation of Hox genes is yet to be discovered.
Recently, several studies have proposed that CCCTC-binding factor (CTCF) is also one of the elements responsible for the bilaterian collinear expression of Hox genes [15] [16] [17] . CTCF is a ubiquitously expressed DNA-binding protein with 11 zinc finger motifs that facilitate binding to CTCF-binding sites (CBSs). It is known to be involved in the activation or repression of gene transcription, the regulation of cell viability, and the organization of higher-order genome architecture such as topologically associating domains (TADs) [18] [19] [20] [21] . TADs are substructures of regions within the chromatin with high interactions whose positions are relatively uniform and conserved across different cell types. The boundaries between TADs are enriched with CTCF, which creates loops to segregate the euchromatin domains from the heterochromatin domains [22] [23] [24] .
While other Hox clusters such as the Hoxc cluster lie within one TAD, the Hoxa cluster is at the boundary between two TADs in embryonic stem cells. The Hoxa cluster is reported to be coregulated by RA and CTCF to induce collinear gene expression [14] . To investigate this phenomenon in the mouse model, we used the F9 cell line, murine embryonic carcinoma cells, in which most Hox genes are silenced, and demonstrated that the Hoxa cluster genes are time-dependently activated with RA treatment. We propose that the molecular mechanism behind this phenomenon is due to the switch in the chromatin state, mediated by CTCF, making a primarily repressed compartment to become open for gene transcription by unbinding from CBSs. This freeing of CTCF occurs when RA competitively binds to RAREs in close proximity with CBSs. We further showed that overexpressed CTCF can revoke the detachment of CTCF even in the presence of RA, disturbing the collinear expression of Hoxa genes.
Materials and Methods
Cell culture, plasmids, and transfection F9 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; WelGENE Inc., Daegu, Korea) supplemented with 10% fetal bovine serum (WelGENE Inc.) and 1× antibiotic-antimycotic solution (WelGENE Inc.) on a 0.1% gelatin-coated culture vessel. For overexpression studies, a pcDNA3 expression vector (Invitrogen, Carlsbad, USA) containing a full-length cDNA of the CTCF gene and an HA epitope (MASYPYDVPDYASPE) was transfected into F9 cells using the Attractene reagent (Qiagen, Hilden, Germany). For control, a pcDNA3-HA empty vector was transfected. For the collinear expression of the Hoxa cluster genes, F9 cells were treated with 0.5 μM All-trans-RA (Sigma, St Louis, USA).
Total RNA isolation and reverse-transcription PCR
Total RNA was isolated from cultured cells using TRIzol reagent (Invitrogen). Reverse transcription was conducted with 1 μg of total RNA using ImProm-ll TM Reverse Transcriptase (Promega, Madison, USA). PCR was performed using Taq polymerase (Bioneer, Seongnam, Korea). PCR amplification was performed under the following conditions: initial denaturation for 4 min at 95°C, then 35 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and 72°C for 30 s for polymerization. The sequences of primers used for reverse-transcription PCR (RT-PCR) of CTCF are listed in Table 1 . The β-actin mRNA was used as the reference control. All experiments were performed in triplicate, and representative examples of the data are shown.
Real-time quantitative PCR
cDNA samples were amplified using SYBR green PCR Master Mix (Applied Biosystems, Carlsbad, USA) and were subject to real-time PCR quantification with ABI7300 (Applied Biostystems). Quantitative PCR (qPCR) analysis was initiated at 95°C for 10 min, followed by 45 cycles of 95°C for 15 s, 56°C for 30 s, and 72°C for 1 min. Finally, the dissociation step was performed at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The relative amounts of all mRNAs were calculated using the comparative CT method. All experiments were performed in triplicate.
Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) analysis was performed as previously described [25] . ChIP-grade anti-CTCF antibody (Cell Signaling Technology, Beverly, USA), and normal rabbit IgG (Santa Cruz, Santa Cruz, USA) were used. Primers used for ChIP-PCR are listed in Table 2 . All experiments were performed in triplicate, and IgG values were used to normalize each sample. Data are shown as enrichment values relative to input.
Hi-C analysis
The TAD of the Hoxa cluster was mapped using 'The 3D Genome Browser: a web-based browser for visualizing 3D genome organization and long-range chromatin interactions.' http:biorxiv.org/ content/early/2017/02/27/112268, Biorxiv, 2017.
Statistical analysis
Data are expressed as the mean ± standard error of the mean. Statistical differences were determined using Student's t-test. P < 0.05 was considered statistically significant. 
Results
Initiation of the collinear expression of the Hoxa cluster genes by RA in F9 cells
To validate the time-dependent effect of RA on the Hoxa cluster gene expression, F9 cells were treated with 0.5 μM RA for 1, 2, 4, 8, 16, and 24 h. Subsequently, the expression patterns of the Hoxa genes were analyzed by qPCR (Fig. 1) . Consistent with previous studies, our results confirmed that upon RA treatment, the first 3′ gene, Hoxa1 expression was initiated within 2 h, and the rest of the middle, and the 5′ genes were expressed collinearly.
Correlation between RA and CTCF-binding in the Hoxa cluster in F9 cells
Alongside RA, CTCF is known to regulate the progressive transcription of the Hoxa cluster genes by binding to one or more of the seven CBSs within the cluster. CBSs are found in various locations across the genome, one of them being at TAD boundaries. Interestingly, there is an inter-TAD boundary approximately between Hoxa5 and Hoxa7 ( Fig. 2A) [16, 23] . To determine whether RA has an effect on the binding of CTCF to CBSs, especially at and around the site forming the inter-TAD boundary, we performed ChIP assay for CTCF in F9 cells treated with RA for 0, 12, and 24 h. We selected CBSs in between Hoxa5 and 6 (CBS5|6), Hoxa6 and 7 (CBS6|7), and Hoxa7 and 9 (CBS7|9) as the putative binding sites (Fig. 2B) . Then, the results of the ChIP assay were analyzed with qPCR, and the detaching of CTCF from the binding motifs in the Hoxa cluster was observed at both 12 and 24 h of exposure to RA (Fig. 2C) . Moreover, we identified RARE sequences near the CBSs, and found three RARE sequences (RE1, RE2, and RE3) near CBS4|5, and CBS5|6 (Fig. 2B) . We performed ChIP for both CTCF and RXR after exposure to RA for 12 and 24 h, since CTCF unbound from CBSs at that time. The ChIP-PCR data confirmed that in the presence of RA, CTCF binding diminished, and RXRbinding increased in all three RE sites compared with control cells (Fig. 2D) .
Effect of CTCF overexpression in the Hoxa cluster gene expression in F9 cells
To better understand the decrease in CTCF-binding under RA treatment, we investigated whether CTCF could maintain its binding when overexpressed. We cloned the full sequence of CTCF in the pcDNA3 empty vector with an HA tag. After successful transient transfection of the CTCF plasmid DNA into F9 cells, we confirmed CTCF overexpression by RT-PCR with and without RA treatment (Fig. 3A) . Consequently, ChIP assay was performed to examine the differences of CTCF-binding between CTCF-overexpressing F9 cells and wild-type F9 cells when treated with RA. We discovered that wild-type F9 cells and empty-vector F9 cells eventually lost CTCFbinding after RA treatment. However, in CTCF-overexpressing F9 cells, CTCF was able to maintain its binding at CBSs, even in the presence of RA (Fig. 3B) . Furthermore, when CTCF remained bound to CBSs, the expression of Hoxa genes was unable to go beyond the first RARE sequence, RE1, demonstrating the importance of RA and CTCF in the regulation of Hoxa genes (Fig. 3C) .
Discussion
We have investigated the roles of two important regulators in development, RA and CTCF, to explore the molecular mechanism for the collinear expression of Hoxa genes. Based on our data, we postulate that RA and CTCF work together in an antagonistic manner to )   C5|6  GCTGTAACCTCAATTCGACC  TGATGACCTCTAGAGGTAAAC  C6|7  GATGCTTGGAATGTTTGCCG  CCTGCTTCTGGGGATTCTGA  C7|9  CCAGCTCCAATTAGGGTATC  ACACTGCCATCTCCTGGAATT  RE1  CCTCACCAGCCGACATTTTC  GGAGGCCCTCATGCTAAAGA  RE2  TTACCTGCTGCTATTCCCTCA  GAGAGAACTGCCTAAG  RE3  CCAAGCCAGGTGTGAGGTTC  GGCAAACTCCTCCAGGTTCC  GAPDH TCCTATCCTGGGAACCATCACC TCTTTGGACCCGCCTCATTT Figure 1 . The collinear expression pattern of the Hoxa cluster induced by RA treatment in F9 cells F9 cells were time-dependently treated with 0.5 μM RA and then the mRNA levels of the Hoxa cluster genes were analyzed by qPCR. Mouse β-actin was used as control. All experiments were performed in triplicate. All experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001. establish and maintain collinearity by forming chromatin barriers, or altering chromatin domains. We propose that there is flexibility to reorganize genomic landscapes or TAD boundaries depending on the modulation of RA and CTCF, yet both are indispensable to Hoxa gene expression. In our study, we showed that the transcription of the Hoxa genes at the 3′ end of the cluster is more quickly induced by RA, given that there are an abundant number of RAREs near the 3′ Hoxa genes (Hoxa1, Hoxa3, and Hoxa4). These RAREs in F9 cells have been shown to significantly induce the expression of the 3′ Hoxa genes within 4 h once occupied by RA [13] . While these results suggest that RA is a critical player in Hoxa collinearity, we could not put forward any conclusion concerning the role of RA in the establishment of Hoxa collinearity.
CTCF, a well-known insulator, is incapable of binding at CBSs in the presence of RA in F9 cells, most likely due to the competitive binding of the RA-bound RAR/RXR complex at RAREs located adjacent to CBSs. There are three RA responsive elements, RE1, RE2, and RE3 in the anterior Hoxa cluster, with several CBSs. These two different regulatory sequences are reported to be in close proximity with each other [14] . We reasoned that the RE3 located in the intron of Hoxa6 could be particularly important because it is located at around the inter-TAD boundary (in between CBS 5|6, and CBS 6|7). Nonetheless, all three RAREs seem to be essential to facilitate the binding of RAR-RXR complex that outcompetes CTCF-binding. Without CTCF functioning as an insulator, the Hoxa genes were able to be progressively expressed. We noted that when CTCF is overexpressed, the expression of Hoxa genes as well as the binding of RA is indeed altered. This may be because RA is outnumbered by CTCF and is unable to competitively bind to RAREs (Fig. 3B) . We hypothesize that any imbalance or disruption of the endogenous levels of CTCF and/or RA could result in Hoxa cluster gene dysregulation, ultimately leading to serious developmental complications.
In conclusion, our study emphasizes the essential role of RA and CTCF, more specifically their antagonistic relationship, in Hoxa collinear expression by competitive binding to CBSs and RAREs. Further studies are needed to unravel the precise mechanisms behind the yet perplexing phenomenon of Hox collinearity.
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